, Ni is fully incorporated in the In 2 O 3 lattice without the formation of secondary phases. At doping higher than roughly 10 20 cm
À3
, secondary phases seem to start forming. No film exhibits p-type conductivity at room temperature. Instead, Ni is shown to be a deep compensating acceptor-confirming theoretical calculations, the effect of which only becomes apparent after annealing in oxygen. Combined Hall and Seebeck measurements reveal the compensation of bulk donors already at low Ni concentrations ($10 18 cm
) and a residual film conductance due to mainly the interface region to the substrate. This residual conductance is gradually pinched off with increasing Ni doping, eventually resulting in semi-insulating films at excessive Ni concentrations ($10 21 cm
). Published by AIP Publishing. https://doi.org/10.1063/1.5006421 Indium oxide, In 2 O 3 , is a transparent semiconducting oxide with unique properties 1 that render applications as the active material in conductometric gas sensors [2] [3] [4] [5] and as a transparent contact in optoelectronic devices in its highly Sndoped form, known as "ITO". [6] [7] [8] Like other transparent semiconducting oxides, In 2 O 3 exhibits unintentional n-type conductivity referred to as unintentional doping (UID), the origin of which has been rather controversial. The most popular explanations attribute it to oxygen vacancies V 2þ O 9,10 and hydrogen interstitials H þ i 11,12 acting as shallow donors. The UID conductivity of In 2 O 3 can be further increased by doping with donors such as Ge, 13 Zr, 14 or the typically used Sn, [15] [16] [17] [18] [19] [20] with which electron concentrations as high as 10 21 cm À3 can be reached. Doping with acceptors, however, instead of resulting in p-type behavior rather reduces the amount of inherent electrons and turns the film semi-insulating.
Mg is the typical element used as an acceptor in In 2 O 3. 21, 22 It introduces complications to the growth procedure, however, like flux instability due to the oxidation of the source material and a small source temperature window that results in large changes of the dopant concentration during molecular beam epitaxy (MBE). 22 As an alternative to Mg, the present study demonstrates the effect of acceptor-doping with Ni on the structural and transport properties of MBE-grown In 2 O 3 . Ni-like other common metallic dopants in In 2 O 3 -tends to substitute host cations of the lattice 4, 23 and since it possesses two valence electrons, it is expected to act as an acceptor within In 2 O. According to the calculations of Ref. 24 , doping In 2 O 3 with transition-metal elements that introduce acceptor levels, such as Ni, is predicted to give rise to compensating centers, rather than generating p-type behavior. This would result in a reduction of the free-electron concentration, similar to what has been exhibited with Mg. 21, 22 Previous studies on Ni-doped In 2 O 3 have been performed on materials grown by low purity-methods and mostly report the structural and magnetic properties of the films [25] [26] [27] [28] [29] as well as an increased sensitivity to NO 2 relevant for gas-sensing applications. 4, 5 For the study of the transport properties-which is the objective of this work-and a better understanding of the overall physical properties of such materials, however, low-purity materials do not suffice. It is thus necessary to synthesize high-quality films, for which the effect of grain boundaries, defects, or unintentional impurities is minimized. Such highquality In 2 O 3 films can be obtained by plasma-assisted molecular beam epitaxy (PA-MBE), [17] [18] [19] [20] which enables precise control of highly pure metal and oxygen fluxes within a growth environment with a very low base pressure on the order of 10 À10 mbar. Within such ultrahigh vacuum (UHV) environments, the incorporation of extrinsic impurities is inhibited, thus excluding hydrogen as the main source of conductivity of In 2 O 3 films grown with this method.
High quality (111)-oriented single-crystalline In 2 O 3 films have been synthesized by PA-MBE on insulating ZrO 2 :Y (YSZ) (111) substrates, which are the best-matched substrates for heteroepitaxy of In 2 O 3 available at the moment. Upon such substrates, In 2 O 3 crystallizes in the stable bixbyite structure with a cube-on-cube epitaxial relation. 30 All samples have been grown at a substrate temperature of 850 C, as measured by a thermocouple between the substrate heater and the substrate. The power of the oxygen plasma source (6N purity) was maintained at 300 W and at an oxygen flux of 0.5 standard cubic centimeters per minute (SCCM). These values correspond to an activated oxygen flux that would provide a growth rate of 2.2 Å /s under stoichiometric growth conditions, according to Ref. 31 . The In cell (7N purity) temperature was kept at 870 C and limited the growth rate of the films between 1.2 Å /s and 1.4 Å /s, indicating film development in the O-rich regime. In order to realize smooth films, an initial nucleation layer has been grown for 4 min at a lower temperature of T nucl ¼ 700 C and a high oxygen flux of 3 SCCM, which have been chosen to encourage wetting upon the substrate. 20 A heating rate of 0.25 C/s has been used for the transition from the lower nucleation temperature to the final growth temperature of 850 C of the substrate, which has been shown to prevent the delamination of the films. During the post-growth cooldown of the sample, also at a temperature decrease rate of 0.25 C/s, the oxygen supply was shut at T O-off ¼ 600 C with further cooldown in vacuum to enhance the formation of oxygen vacancies.
A series of Ni-doped In 2 O 3 films with different Ni concentrations (S1-S5) as well as a reference UID sample (S0) have been grown for the purposes of this study. The Nidoping has been achieved by sublimating Ni (4N5 purity) from an effusion cell at different temperatures, which were predetermined based on the NiO growth rate of 0.08 Å /s at a Ni cell temperature of 1380 C and vapor pressure data 33 so as to provide the desired dopant concentration. The Ni cell temperatures used for the growth of the sample series were intentionally kept below the melting point of the Ni source material (1455 C 33 ) and are listed in Table I . Post-growth secondary ion mass spectrometry (SIMS) measurements calibrated by energy-dispersive X-Ray spectroscopy (EDX) scans of the highest-doped sample have been employed to determine the actual Ni concentration of the In 2 O 3 layers. Moreover, X-ray diffraction (XRD) and atomic force microscopy (AFM) in the peak force tapping mode have been utilized for the characterization of the crystal structure, surface quality, and morphology of each film and cross-sectional scanning electron microscopy (SEM) to specify its thickness (Table I) . Room temperature Hall measurements in the van der Pauw arrangement provided the sheet transport properties of the samples, which could be translated into average volume transport properties when combined with the film thickness. Seebeck measurements have been employed to further understand the nature of the carrier systems affecting the transport of the film. These could either be the bulk of the material, the surface electron accumulation layer (SEAL), or even the interface between the film and the substrate, which has been already observed for In 2 O 3 34 and SnO 2 as well. 35, 36 These possibly coexisting carrier systems are schematically depicted in Fig. 1 . Defects related to oxygen deficiencies acting as shallow compensating donors have been largely reduced through annealing in an oxygen environment within a rapid thermal annealer at 800 C at atmospheric pressure for 60 s. 22, 37 The surface conductance of the films could be modulated by an oxygen plasma treatment at room temperature under a high oxygen flux of 10 sccm for 5 min, which is used in order to deplete surfacenear electrons. 3, 38, 39 The transport properties have been determined for the state of the films directly after growth, denoted as "as-grown," as well as after annealing in oxygen and after subsequent oxygen plasma treatment. Figure 2 shows the Ni concentration as a function of the Ni cell temperature for the series of Ni-doped samples (S1-S5). The expected Ni concentration in the highest-doped sample, S5, based on the NiO and In 2 O 3 growth rates would be 3.5 Â 10 21 cm
. This prediction agrees very well with the measured average Ni concentration of the film of 2.1 Â 10 21 cm À3 (Table I) . Moreover, the Ni concentration exhibits an Arrhenius-like behavior for its temperature dependence, hence demonstrating very good control over the Ni concentration throughout the entire growth series. This behavior also confirms unimpeded incorporation of Ni throughout this concentration range, thus indicating that the amount of Ni within In 2 O 3 samples can be controlled by adjusting the Ni cell flux alone.
High dopant concentrations that are not soluble within the crystal lattice of the main compound can form secondary phases. Figure 3 depicts the AFM images of the undoped and three highest Ni-doped In 2 O 3 samples. Up to Ni concentrations as high as approximately 2 Â 10 19 cm À3 (S3), surfaces remain relatively flat and demonstrate a very similar morphology to that of the undoped sample. The close-up image (Fig. 3, inset) of the UID sample additionally illustrates TABLE I. Sample overview: t film denotes the film thickness from SEM, T Ni the temperature of the Ni cell, N Ni is the Ni-concentration determined by SIMS, c Ni the Ni cation density, RMS the root mean square roughness of the surfaces according to the AFM images, and x FWHM the full-width-at-halfmaximum of the 222-peak of In 2 O 3 from XRD x-scans. 
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terraces on the surface of the material, which reveal high surface quality. Higher amounts of Ni-doping, however, seem to trigger the formation of clusters upon the surface, with the highest-doped material (S5) exhibiting an abundance of clusters as high as 600 nm. Moreover, the XRD results of Table I , with an increased value of x FWHM for S5, indicate a lower crystal quality and the scans depicted in Fig. 4 show the development of peaks possibly corresponding to NiO 40 or InNi 2. 41 The literature does not report the existence of In x Ni y O z compounds. These findings in combination with EDX measurements (on sample S5) precisely on those clusters-that have revealed an increased Ni cation concentration (7.42 at. %) in comparison to areas where these clusters are absent (3.66 at. %)-could suggest that Ni-related secondary phases occur as a result of excessive Ni-doping. These secondary phases seem to already start forming at Ni densities of 3 Â 10 20 cm
À3
, thus marking the maximum solubility level of Ni in the In 2 O 3 lattice at roughly 1 at. %. This is lower than at least 7.8 at. % of Ref. 28 Figure 5 displays the transport properties (the conductance G from four-point van der Pauw measurements and the volume electron concentration n 3D and electron mobility l n as determined by the Hall effect) of the In 2 O 3 samples as a function of increasing Ni concentration, including the UID film. The Hall effect measurements provide only a sheet carrier concentration n 2D , which has been divided by the film thickness t film (Table I) to provide the presented average n 3D .
The UID film possesses an electron concentration in the mid-10 18 cm À3 range. A higher Ni concentration than this should either result in p-type behavior, if Ni acts as a shallow acceptor, or in the compensation of the unintentional donors of the film, in the more probable case of Ni acting as a deep acceptor. According to the results depicted in Fig. 5 , none of the Ni-doped materials grown for this work have been found to be p-type, not even those that have undergone excessive Ni-doping. Seebeck measurements have also confirmed ntype conductivity throughout all samples studied (Fig. 6 ). This proves that Ni indeed acts as a deep acceptor within , and mobility l n of the UID (S0) and Ni-doped samples In 2 O 3 (S1-S5) as a function of the Ni density N Ni in the as-grown and oxygen-annealed states. Due to the high resistivity of sample S5 after annealing in oxygen, the conductance could not be determined by four-point measurements. The value displayed for S5 was derived from two-point Hg-probe measurements and is used as an indication of the order of magnitude.
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Papadogianni, Kirste, and Bierwagen Appl. Phys. Lett. 111, 262103 (2017) In the as-grown state, a slight decrease in conductance with increasing doping concentration can be observed, mostly due to changes in the mobility rather than a decrease in the electron concentration, which in fact remains relatively constant. One would, however, expect that if Ni acted as a deep acceptor, it should compensate the effect of the unintentional donors of the film, which would result in a reduced overall electron concentration. This unexpected behavior has also been reported for the similar situation of Mg-doped In 2 O 3 in Ref. 22 , where Mg has been shown to be overcompensated in the as-grown material. The overcompensation of the acceptors resulting in seemingly "nonactivated" dopants in this case could be possibly attributed to oxygen-deficiency-related defects, such as oxygen vacancies, V O . By decreasing the position of the Fermi level, the addition of the acceptor element itself reduces the formation energy of V O , according to Ref. 42 thus inducing the formation of more V O . These vacancies automatically compensate it and prevent its effect as a deep acceptor from becoming apparent. After annealing in oxygen, most of the V O have been removed by being filled and the acceptor-Ni in this case-is "activated." Ni is shown to induce an unexpectedly small decrease in the average carrier concentration, as observed with Hall measurements in the samples S1-S3.
The mobility of the samples seems to follow a decreasing trend with increasing Ni-doping for both the as-grown and oxygen-annealed states, which is consistent with Ni dopants acting as charged scattering centers. Particularly after oxygen annealing, the Ni-doped samples demonstrate a dramatic decrease in the carrier mobility -such that Hall measurements exhibited a large error for sample S3 and were not capable of providing any results for the two highest-doped samples, S4 and S5. Exception to this is the UID sample, which displays an increase of its mobility after oxygen annealing most probably due to the removal of V O scattering centres.
Based on the results of Ref. 43 , the measured Seebeck coefficients of the samples can be used to estimate the volume electron concentration therein. The estimated volume carrier concentration from Seebeck measurements along with the respective results from Hall measurements for the oxygen-annealed state of the samples under study is portrayed in Fig. 6 . The reason behind the discrepancy between the two values lies within the existence of different carrier systems in the films. Since the calculated volume carrier concentration from Hall measurements corresponds only to an integral electron concentration throughout the entire sample thickness and carriers are not necessarily homogeneously distributed within the film, one cannot be certain which transport system is actually represented by this value. Seebeck measurements, nevertheless, directly depend on the volume carrier concentration without involving the film thickness. According to Ref. 44 , one can estimate the thickness of the dominant carrier system of a material by dividing the sheet carrier concentration from Hall measurements with the volume carrier concentration extracted from the Seebeck coefficient. As far as the UID sample is concerned, the Seebeck and Hall effect results seem to agree, indicating a bulk-electron dominated behavior. The discrepancy between the results from Hall and Seebeck, however, keeps increasing for increasing Ni-doping, which can be translated as a reduction of the thickness of the effective transport system (Fig. 6) . Along with the behavior of the mobility, this indicates a decrease in bulk electrons and an increasing effect of a thinner, higher-concentrated transport system. Such a system could very well be either a surface electron accumulation layer, which has been observed in several other oxides 45, 46 including In 2 O 3 itself, 32, 38 or carriers arising from the interface between the grown film and the substrate [34] [35] [36] 44 ( Fig. 1 ). These two systems could definitely also coexist. The results from Hall and Seebeck could then be interpreted as the compensation of the bulk donor concentration of approximately 10 17 cm À3 -according to the UID sample-by a Ni concentration between 10 17 and 10 18 cm
À3
. The remaining thin carrier system(s) gets gradually depleted with increasing Ni doping with the sample highest in Ni density (S5) being completely insulating.
The conductivity at the surface of In 2 O 3 can be eliminated by treating the film surfaces with oxygen plasma. 38, 39 During this procedure, reactive oxygen species attach to the In 2 O 3 surface, removing electrons from the SEAL to form negatively charged adsorbates. Upon depletion of the SEAL by this treatment, the samples under study exhibited only a negligible change in conductance. This indicates a weak SEAL contribution to the sample transport properties and points towards a strong impact of interface-near electrons. These interface carriers could possibly be due to Zr indiffused from the substrate, which can act as a donor in In 2 O 3 , 14 or interface-dislocation related causes as discussed in Ref. 34 .
To summarize, single crystalline In 2 O 3 grown on YSZ (111) has been acceptor-doped with Ni as an alternative to the commonly used Mg. Both Ni and Mg act as deep acceptors in In 2 O 3 with Mg exhibiting, however, less problems with precipitance than Ni, which has been shown to give rise to secondary phases already at concentrations of the order of 10 20 cm
. Ni-doping has not been found to induce p-type conductivity in any of the samples under study, as expected. In fact, it has been shown to have little effect on the transport properties of the "as-grown" state of the material and to rather turn the unintentionally doped n-type In 2 O 3 films semi-insulating after annealing in oxygen. This could be explained by what we believe to be oxygen vacancies acting FIG. 6 . Volume electron concentration of the oxygen-annealed samples estimated by Hall and Seebeck measurements and the efficient transport system thickness t eff from the combination of the two as a function of the Ni concentration.
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Papadogianni, Kirste, and Bierwagen Appl. Phys. Lett. 111, 262103 (2017) as shallow compensating donors. A combination of Hall and Seebeck measurements has helped to estimate the thickness of the effective carrier system and demonstrated the gradual depletion of the bulk in the lightly to intermediately doped samples ($10  17 -10   18 ) and the simultaneous promotion of thinner, higher-concentrated systems. Higher Ni concentrations of the order of 10 19 -10 21 cm À3 further compensated the electrons arising from those systems and finally resulted in an insulating film. Depleting the surface electrons of the films with an oxygen plasma treatment has revealed that the main source of conductivity in the highly doped material was carriers at the interface with the substrate. For gassensing applications, interface and bulk carrier systems can reduce the sensitivity of the active material due to parallel contribution to the gas-sensitive surface conductance. 3 Appropriate doping of these systems with compensating acceptors like Ni is thus improving such applications, which has been demonstrated by Mg-doping. 3 Hence, the role of Ni as a compensating acceptor can rationally explain the results of Refs. 4 and 5 showing an increase in sensitivity to NO 2 for Ni-doped In 2 O 3 films and nanostructures.
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